Clinicians rely heavily on stereoacuity to measure binocular visual function, but stereo-vision 13
Introduction 34
Background 35
When combining signals from the two eyes into a coherent 'cyclopean' percept, observers rely (to 36 differing extents) on one eye more than the other. Such eye dominance is important in a number of 37 clinical settings. First, imbalances between the eyes in childhood can lead to severe loss of acuity in the 38 weaker eye, a condition called amblyopia (Birch 2013 ). Treating amblyopia (e.g. by patching) attempts to 39 "rebalance" vision, by improving acuity in the weaker eye. Thus the relative contribution of each eye to 40 cyclopean vision a key measure for understanding amblyopia. This is particularly the case as there is 41 debate as to the extent to which suppression of the weaker eye contributes to (e.g. Wong Finally, loss of visual function in age-related macular-disease leads to subtle changes in patients' reliance 47 on their two eyes ("binocular balance"). A simple method for quantifying changes in sensory eye 48 dominance may therefore have diagnostic value for this and other conditions (Wiecek, Lashkari et al. 49 2015) . 50
A variety of methods are available to measure the relative contribution of each eye in a clinical setting. 51 Clinical measures of eye dominance tend to be intuitive, for example assessing with which eye a patient 52 can more easily wink (Miles 1930) . Building on the notion that eye dominance is linked to motor control, 53
comparisons of eye-alignment are still routinely used. For instance, in the Miles test and Porta test, near 54 and distant targets are aligned binocularly, and then each eye is opened and closed in succession to 55 reveal which eye gives the more accurate estimate of position. Such tests of 'sighting' dominance are 56 binary (left or right) and tend to elicit variable results (Johansson, Seimyr et al. 2015) , that are dependent 57 on specific test and viewing conditions (Rice, Leske et al. 2008) . 58
Sensory eye dominance (SED), on the other hand, refers to the relative perceptual contribution of 59 each eye to the cyclopean percept under dichoptic conditions (Ooi and He 2001) . In the clinic, 60
Worth's four dot test produces a qualitative estimate of SED. This task has the observer wear red-61 green anaglyph glasses and report the perceived number and colour of 4 illuminated circles (1 red, 2 62 green and 1 white). The only quantitative direct clinical test of SED is the neutral-density filter bar (a 63 version using red filters is the Sbisa bar), that quantifies the minimum filter-density that must be 64 placed over one eye to induce the use of the other eye ( Red-green anaglyph versions of the stimuli are depicted in Figure 1 , and described in Table 1. Stimuli  170 appeared against a mid-grey background, and were surrounded by a "vergence-lock" frame (visible 171 to both eyes) made of black and white alternating bars; this promoted fusion. 172
All tests involved presenting a pair of images independently to each eye. Test #1-2. Stimuli 173 comprised a pair of different letters, selected from 10 ETDRS Sloan letters ( horizontal dark bar centrally positioned (on the y-axis) bisecting the square window. On a given trial 187 the positive-phase grating was assigned randomly to one eye, the negative-phase grating to the 188 other. In the 90° condition (test #4) addition of gratings led to a phase shifted cyclopean percept 189 without rivalry, whereas in the 180° condition gratings resulted in rivalry (driven by a polarity conflict 190 similar to test #3). Tests #6-7. Stimuli were comprised of two 13.75° square filtered-noise patterns 191 drifting in opposite directions (upwards or downwards). Stimuli were generated by filtering Gaussian 192 random noise with a log Gabor filter which passed all orientations but a range of SFs (filter had a log-193
Gaussian profile: mean SF of 6 c/deg., bandwidth 0.5 octaves). Test #8. Stimuli were stereograms -194 stereo-defined Sloan letters (5.5° square) -defined by interocular horizontal shifts of the pixels 195 within carrier images (435 X 435 black-white pixel arrays which each patch subtending 7.8°). Stimuli 196
were shifted with sub-pixel accuracy using bilinear interpolation. 197 values QUEST produced were clamped in the range 0.0-1.0 (where 0.0 is exclusive presentation of 237 the cue to the left eye, 0.50 equal presentation to left and right eye and 1.0 exclusive presentation 238 to the right eye). QUEST's guess-rate (γ) was set to 0.5 (2 AFC), the lapse rate (λ) to 0.01 and the 239 slope-estimate (β) to 3.5. The initial guess for threshold or contrast-BP was 0.50 (i.e. balance) with 240 an associated standard deviation of 0.7. For tests #1, 2, 4, 5 and 6, QUEST set the contrast (C) of the 241 right eye component (Cright) and Cleft was set to 1-Cright, for test #3 contrast manipulation is described 242
in the next section. Note that QUEST values were determined from a Monte Carlo simulation on a 243 population of ideal observers whose simulated-balances spanned the range 0.05-0.95 and whose 244 other psychometric characteristics (β, λ) were taken from Kwon, Wiecek et al. (2015) . Test #7 245
consisted of 1 minute of exposure to rivalrous motion. Either upward or downward motion was 246 randomly assigned to the left and right eyes for the initial 30s test period and then direction was 247 switched across eyes for the remaining 30s (to counter-balance any bias for a stimulus in a given 248 direction rather than from a given eye). During stimulus presentation, observers pressed and held 249 either the U ("up") or D ("down") button on the computer keyboard to indicate their dominant 250 percept. In case of uncertainty, e.g. due to a "patchy" percept, the participant was instructed to 251 report the more dominant direction. Test #8 estimated a stereo-threshold (not bias) for letter-252 identification, using a 20-trial QUEST staircase. QUEST's guess-rate (γ) was set to 0.1 (10 AFC), the 253 lapse rate (λ) to 0.01 and the slope (β) to 3.5. The initial guess for threshold was set to 3'20". 254 Kingdom 2009). Further fitting was performed in order to quantify confidence in the BP estimate. In 275 order to do this, we pooled stimulus-levels (and their associated responses) into four bins, assumed 276 binomially distributed errors at each level and bootstrapped fits to these binned data. Although this 277
Details of contrast manipulation for test #3
is not an exact estimate of error (since we cannot bootstrap the continuous data used to derive the 278 contrast-BP) it is nonetheless a useful indicator of confidence in these estimates. 279
For test #7 we quantified BP as the proportion of left-eye dominance, using the proportion of frames 280
(within a given trial) when the participants' response was consistent with their relying on the left-281 eye-view during exposure to rivalrous stimuli. We excluded responses occurring within 4. ostensibly normal binocular vision. Note, however, the general shift towards reliance on the right 312 eye (mean BP >0.5). To explore this, we consider three criteria for categorising whether a participant 313 was reliant on one eye over the other (each summarised at the bottom of Figure 2a ; 'LE'=left eye, 314
RE='right eye'). Criteria 2 and 3 are based in part on test reliability: σ all =0.021, the standard 315 deviation of the difference in performance between runs across all participants and balance tests. 316 1. "Eye preference": mean BP < or > 0.50 (i.e. in Figure 2a : 'LE pref.' or 'RE pref.', respectively). 317
By this criterion, most participants (21) showed a preference for the right-eye, eight 318 participants showed a preference for the left-eye, and one participant (ID14) was balanced. 319 2. "Eye dominance": mean BP <0.50-2σall or >0.50+2σall (i.e. in Figure 2a : 'LE dom.' or 'RE 320 dom.', respectively). By this more conservative criterion, most participants (18) were 321 balanced, nine relied more on their right eye and three relied more on their left eye. 322
3. "Task-independent" eye-dominance: mean BP < 0.5-0.5σall (favouring LE) or > 0.5+0.5σall 323 (favouring RE) with the result of no single test indicating dominance of the opposite eye 324 (based on 0.5±2σall) to the mean BP. Observers fulfilling this criterion are marked with a '*' 325 over their ID number. By this standard, 14 participants were balanced, 11 showed a 326 consistent reliance on the RE and 5 participants showed a consistent reliance on the LE. 327 Tests #1, 3, 4, 5 and 7 elicited BPs more similar to one another (and to the ovrall mean balance) 328 compared to tests #2 and 6 ( Figure 2a ). Figure 2b plots a sample of data from three participants 329 performing two runs of the seven balance tests. The dashed line denotes perfect binocular balance 330 (BP=0.50). The green line indicates the mean estimated balance-level across the seven tests (with 331 exact values provided in the green box above each plot). We found a generally high level of 332 agreement across runs of the same test: the absolute difference was 0.048 ± 0.025 between 333 participants (averaging, for each participant, the difference across tests) and 0.048 ± 0.028 between 334 tests (averaging, for each test, the difference across participants). We examined the consistency of 335 balance estimates using a correlation analysis. Specifically, for each task we correlated the series of 336 contrast-BPs (across all observers) for one task (averaged across runs 1 and 2) with the series of 337 contrast-BPs (across all observers) averaged across both runs and all other tasks. We observe 338 consistency of contrast-balance estimates made using different tests as indicated by the mean 339 correlation coefficient (mean R= 0.56, σ=0.10, p=0.0012) obtained by averaging the R from each 340 task. 341 
358
Which is the "best" test? We assessed 'best' in terms of (a) how reliable the tests are (across two runs) 359
and (b) how well they capture individual variation in SED across our group. In other words, the best test 360 minimizes the range of measures across runs (narrow range on the y-axis), and assuming that SED varies 361 within the population tested, maximizes the range of measures across observers (wide range on the x-362 axis). To visualise this, Figure 3 shows Bland Altman plots of data from the seven balance tests as well as 363 test #8: stereoacuity (n.b. data are plot on different axes to other sub-plots). It is clear that some tests 364 such as #6: motion strength, lead to a wide range of balance estimates across observers but also to high 365 variability of balance-estimates across runs (see also Figure 2 ). Conversely, tests such as letter-strength 366 (Figure 3 , task #1) elicit both a narrower range of balance estimates and much lower variability across 367 runs. However, the high degree of repeatability of this test arises from it yielding a BP estimate of 0.50 368 for almost all participants, suggesting it is unable to differentiate subtle difference in SED (i.e. it has poor 369 test-validity). We note that it is the closest test we have to the Sbisa bar, in that there is not spatially 370 overlapping information and participants are required to make a judgment of contrast. 371 A variety of statistics quantify this and a selection are given in Table 2 . Test #3 (letter-polarity) maximises 372 intra class correlation (ICC), F, mean average precision (MAP), and fractional rank precision (FRP). The 373
Coefficient of Reliability (CoR) is lowest for test #1 -the letter-strength (non-overlapping) task. However, 374
as indicated above, it would appear that this reliability comes at the expense of failing to capture 375 individual variation in SED. 376
Based on ICCs and corresponding F values, tests #2 and #3 appear particularly useful. However, ICCs 377 are driven by values at the ends of the measured range, making them susceptible to outliers. In our 378 data set, participant ID3 reported quite unbalanced but reliable scores on tests #2, 3 and 5. This 379
individual may be an outlier, inflating ICC scores for these tests. MAP and the related FRP estimates 380 circumvent this issue by scoring on rank rather than absolute value. This difference in method 381 impacts test #6 the most, as it has a poor ICC (and F), but fair MAP and FRR values. 
415
We next assessed whether increased binocular imbalance was associated with poorer stereoacuity 416 and/or with more marked eye-dominance in rivalry. As shown in Figure 5a , we fitted a regression 417 line to the data points corresponding to (y-axis) the magnitude of SED and (x-axis) the stereoacuity 418 estimate from the same participant (mean of the two runs). The mean magnitude of SED was 419 obtained by averaging contrast-BP indexes across tests #1-6 and computing the absolute difference 420 of this value from 0.5. The fit was consistent with only a marginal association between measures 421 (R=0.30), resulting not significant (p= 0.10). Figure 5b 
432

Discussion
433
We compared eight tests that use dichoptic stimuli to quantify binocular visual function. We measured 434 sensory-eye-dominance (SED) in tests #1-7, and stereoacuity in test #8 in 30 individuals with ostensibly 435 normal vision. All SED tests involved estimation of a Balance-Point (BP): an estimate of the extent to 436 which participants relied equally on the two components of a dichoptic stimulus-pair. Specifically, pairs 437
of contrast-modulated stimuli were used in tests #1-6, comprising Sloan letters (adapted from Kwon, 438 Wiecek showed the best performance in term of validity and reliability; while tests #7 and #4 were the poorest 449 (see Table 2 ). We found no significant correlation between stereoacuity and SED measures: better 450 binocular balance (i.e. BPs around 0.50) was not associated with better stereoacuity (Figure 5a ). Such a 451 null result could simply arise from a lack of variation in stereoacuity amongst our (normally sighted) 452 observers and indeed it has recently been observed that low between-subject variability elicited by 453 robust psychophysical tasks such as stereoacuity, may make them ill-suited for studying individual 454 differences (Hedge, Powell et al. 2017) . 455
Why are some tests better than others? In terms of test-validity an ideal test captures a range of BP 456 estimates across participants. We note that binocular imbalance manifests most robustly for stimuli 457 presented at the same location so that estimates of BP from test #1 (non-overlapping letter 458 strength) converge on 0.5. This fundamentally limits the validity of this test for capturing variation in 459 SED within a population of people with normal vision. We would also emphasize that this evaluation 460 is based wholly on a population with ostensibly normal vision; a similar evaluation with a clinical 461 population might yield different results. 462
In terms of test-reliability, one might expect that tests involving rivalrous stimuli would elicit less reliable 463 responses from participants because, for example, rivalrous percepts typically fluctuate in time. We 464 presented stimuli for relatively short durations, to limit such perceptual alternation. Nevertheless, our 465 expectation -that these stimuli would still elicit more random response -was not borne out by the 466 reliability of tests involving rivalrous stimuli. Rather, our finding of high levels of reliability on these tests 467 suggests that the SED may selectively drive the early stages of a rivalrous percept. This is consistent with 468 earlier reports of participants' first percept of a rivalrous display predicting their eye dominance (e.g. 469 quantified using percept frequency) calculated for stimuli that alternated over dozens of seconds ( ongoing study) may influence the outcome of our evaluation. For example, the excellent test-retest 506 reliability of test #1 may outweigh its poor test validity as patients are more likely to exhibit a wider 507 range of larger BPs which may drive this test well but could lead to ceiling effects in more sensitive tests. 508 We further note that patients with abnormal binocular vision will exhibit a wider range of stereoacuities 509 allowing us to more fully explore the relationship between SED and stereoacuity. 510
Other clinical tests are problematic for their own reasons. For example, tests of "sighting-dominance" 511 (e.g. Miles or Porta tests) deliver binary "left" or "right" measures of eye-dominance. Further, sighting-512 dominance can be inconsistent, influenced by gaze direction (Khan and Crawford 2001) , and by the test 513 used (Rice, Leske et al. 2008 ). The only continuous estimate of eye-dominance available to clinicians 514 comes from Sbisa bars which rely on the clinician's judgement of what stimulus level induces a patient to 515 report diplopia. Our procedures have much in common with the Sbisa bar but automate stimulus 516 selection, have the patient perform a forced-choice task, and use all of the response-information to 517 calculate the balance point. This we believe will contribute to superior test reliability and better 518 compliance from patients. 519
It is important to note that the sight-dominant eye does not necessarily support better visual acuity 520 (Pointer 2007 and Lages 2012), produce results that differ depending on the particular visual task and test-conditions. 524
Clearly, both sensory and motor aspects are involved in binocularity. Thus, a complete assessment of 525 functional binocular vision requires more than one type of binocular measurement. The lack of 526 correlation between our (reliable) measures of SED and stereo-acuity suggests these tests are 527 complementary. Future research could more directly focus on determining the sub-processes that 528 support complete binocular vision, and developing a more complete battery of tests to probe them. 529 . Based on the idea that interocular suppression is a cause not a 533 symptom of amblyopia it has been proposed that binocular treatments achieve their results by reducing 534 interocular suppression. However, a few studies now suggest that therapeutic benefit cannot be 535 underpinned solely by a reduction in interocular suppression (Vedamurthy, Nahum et al. 2015, Bossi, 536 Tailor et al. 2017). There a number of current hypotheses about the mechanism supporting visual 537 improvement but importantly there are also a large number of different measures of SED in use across 538 different laboratories. The assumption that all tests of SED tap the same mechanism may not be true and 539 this may hamper comparative evaluation of the outcomes of different binocular therapies. Having a 540 standard set of tests to measure binocularity could be useful in clarifying how and in which sense 541 interocular suppression, as quantified by the magnitude of imbalance in SED, affects the therapeutic 542 outcome for, and the mechanism of, amblyopia. 543
SED and amblyopia
Conclusion
544
We compared several tests for rapidly quantifying sensory-eye dominance and a test of stereoacuity. 545 A judgement of which of two dichoptically-superimposed opposite contrast-polarity patterns 546 dominated the participant's percept (test #3) supports a reliable and sensitive measure of sensory-547 eye dominance in only 20 trials. Practical and reliable measure of SED have application in amblyopia 548 research and as part of a more thorough assessment of binocularity in the clinic. 549
